Objective: Recently, the safety of aprotinin administration during open-heart surgery has been debated. The aim of the study was to compare the blood sparing effect and the side effects of aprotinin and tranexamic acid in paediatric cardiac surgery patients. Methods: Perioperative data of 199 consecutive patients weighing less than 20 kg undergoing open-heart cardiac surgery were prospectively collected between September 2005 and June 2006. During the first 5 months, 85 patients received aprotinin (group A); in the next 5 months, 114 patients were treated with tranexamic acid (group T). Except for antifibrinolytic therapy, the anaesthesiological and surgical protocols remained unchanged. Postoperative complications and in-hospital and 1-year mortality were considered as outcome parameters. Results: The descriptive parameters and the intraoperative parameters were well comparable in the two groups. The blood loss was significantly lower in group A compared to group T at 6 h [55 (35-82.5) vs 70 (45-100) ml, p = 0.031], but not at 12 and 24 h after operation. The incidence [9 (11%) vs 25 (22%), p = 0.035] and the amount of red blood cell transfusion during the first 24 h after surgery were also significantly lower in group A (0.1 AE 0.4 vs 0.3 AE 0.6 unit, p = 0.036). There were significantly less rethoracotomies in group A [2 (2.4%) vs 11 (9.6%), p = 0.039]. We found no difference in the incidence of the postoperative complications and in-hospital and 1-year mortality. There was a tendency for a higher incidence of seizures in group T [4 (3.5%) vs 0 (0%), p = 0.14]. Conclusions: Aprotinin administration bears no additional risks compared to tranexamic acid and it has a stronger blood sparing effect in paediatric cardiac surgery. There were fewer rethoracotomies and less postoperative red blood cell transfusion in patients who received aprotinin. #
Introduction
Aprotinin is a serine protease inhibitor, inhibits kallikrein and the conversion of plasminogen to plasmin. Due to this inhibitory effect on fibrinolysis and other inflammatory cascade reactions, it has been extensively used during cardiac surgery to diminish blood loss and to suppress inflammatory response to cardiopulmonary bypass (CPB) [1] . The possible deleterious effects of aprotinin on renal function have been known, but recently a strong and consistent negative mortality trend associated with aprotinin in high-risk patients has been reported [2] . Lysine analogues, such as tranexamic acid and e-aminocaproic acid, are now widely used to reduce blood loss, however, their blood sparing effect was often inferior to that of aprotinin [3] . Furthermore, the safety of lysine analogues has not been studied to the same extent as that of aprotinin. We previously found that tranexamic acid was associated with adverse events after valve surgery in adult patients [4] .
In paediatric heart surgery, antifibrinolytic drugs have great importance in blood sparing strategies and thus in avoiding blood transfusion and related complications [5] . The blood sparing effect of aprotinin and tranexamic acid in children has been shown [1, 6] , but only few data are available regarding their safety [7] .
At our institution, aprotinin has been used in almost every child undergoing cardiac surgery with CPB for many years. As a consequence of the serious concerns about the safety of aprotinin in adults, we decided to completely stop using aprotinin and use tranexamic acid instead as the antifibrinolytic agent of choice during adult and paediatric cardiac surgery. Similarly to our previous study in adults [4] , the aim of the study was to compare the blood loss and the outcome data of a 5-month period of tranexamic acid administration with the data of the preceding 5 months of aprotinin administration in consecutive paediatric patients undergoing cardiac surgery with extracorporeal circulation.
Methods
The study was approved by the ethical committee of the Technical University Munich (Germany); the need for parental informed consent was waived by the board. We consecutively analysed the perioperative data of all children weighing less than 20 kg undergoing cardiac surgery with CPB between September 2005 and June 2006 (n = 225). Data were prospectively collected as part of the quality assurance of the clinic. We excluded patients who did not receive any antifibrinolytic therapy, or the administered dose of the antifibrinolytic agent was not sufficient according to our institutional protocol or patients who received multiple agents (n = 26). After exclusions, the study cohort contained data of 199 consecutive patients. If a patient was reoperated for non-bleeding reasons during the same admission, only data from the first operation were included in the analysis.
Until January 2006, the patients undergoing cardiac surgery with CPB were treated with aprotinin (Trasylol; Bayer, Leverkusen, Germany) according to the institutional protocol (group A). The protocol consisted of a bolus of 50 000 KIU/kg aprotinin administered at the beginning of CPB, followed by a continuous infusion of 10 000 KIU/kg/h until chest closure; 100 000 KIU/100 ml were added to the prime of the CPB equipment. From February 2006 on, aprotinin was completely replaced by tranexamic acid (Cyklokapron; Pfizer, Karlsruhe, Deutschland) (group T). Tranexamic acid was administered as boli of 50 mg/kg at the beginning and at the end of CPB, and 100 mg/100 ml were added to the prime of the CPB equipment.
In all other aspects, the surgical and anaesthesiological protocols remained unchanged. Patients were anaesthetised with standard balanced or total intravenous anaesthesia. A standard CPB setting was used. After cross-clamping of the aorta, 40 ml/kg of cold crystalloid cardioplegic solution (Bretschneider = Custodiol; Köhler Chemie, Alsbach-Hähnlein, Germany) was used for cardiac arrest. Postoperative treatment was performed by paediatric cardiologists at the paediatric intensive care unit (ICU). Transfusion triggers were a haemoglobin level <14 g/dl in cyanotic patients and <10 g/ dl in non-cyanotic patients, or if a patient showed clinical signs indicating the need for a higher oxygen supply. Rethoracotomy for bleeding was indicated by the attending surgeon.
We compared the perioperative data of the patients from the 5-month period of using tranexamic acid (group T, n = 114) with the data of patients from the preceding 5 months of aprotinin administration (group A, n = 85). We analysed the main demographic data, the data of medical history and the main intraoperative data. Postoperative blood loss was measured as chest-tube output at 6, 12 and 24 h after surgery. The amount of transfused allogeneic blood products and the need for rethoracotomy were also recorded.
Postoperative renal injury was defined according to the paediatric modified RIFLE criteria (creatinine clearance decreased by 50%, [8] ). The estimated creatinine clearance was calculated using the Schwartz et al. formula [9] . Renal failure was defined as need for postoperative dialysis. Postoperative low cardiac output syndrome was defined as need for high dose inotropic support at the end of surgery (at least of 0.1 epinephrine mg/kg/min). Neurological events, such as new seizure or other neurological events, e.g. cerebral oedema, intracranial bleeding, were clinically diagnosed and if possible confirmed by CT scan. In-hospital mortality was recorded. All-cause mortality was also assessed 1 year after surgery. Usually, the patients took part in a routine examination 1 year after surgery. If necessary, the patients' cardiologists were contacted.
Continuous parameters were compared between the groups by Mann-Whitney U test; for categorical variables chi-square test or Fisher's exact test were used as appropriate. For chi-square analysis, the effective total sample size to give a power level of 0.8 (a = 0.05, estimated effect size = 0.2, d.f. = 1) is 197 (GPOWER for MS-DOS, Franz Faul & Edgar Erdfelder, Bonn, Germany). The difference in 1-year mortality between the treatment groups was assessed by Mantel-Cox log-rank test. The results of the two-sided tests were considered significant if the p value was less than 0.05. The statistical analyses were performed by SPSS for Windows 15.0 statistical software package (SPSS Inc., Chicago, IL, USA).
Results
The descriptive parameters were well comparable in the two groups; no statistically significant difference was found ( Table 1 ). The preoperative medical history and the laboratory values of the patients were also similar. There was no difference in the complexity of the operations graded according to the RACHS classification system [10] and in the durations of CPB and aorta cross-clamp. We found no significant difference in the intraoperative transfusion of blood products ( Table 2) .
The postoperative blood loss was significantly lower in group A compared to group T at 6 h after surgery, but the difference did not reach the level of significance at the subsequent time-points (Fig. 1) . The incidence [9 (11%) vs 25 (22%), p = 0.035] and the amount of red blood cell (RBC) transfusion during the first 24 h after surgery were also significantly lower in group A ( Table 2 ). The postoperative haemoglobin values were comparable (14.7 AE 2.6 g/l in group T vs 14.9 AE 2.3 g/l in group A; p = 0.69).
There were significantly more rethoracotomies and a tendency for a higher incidence of seizures in group T (Table 3) . We found no difference in the incidences of cardiac and renal complications and in in-hospital mortality between the groups (Table 3) . Follow-up information could be assessed in 79.8% and 78.8% of the patients in group T and group A, respectively. Six patients (6.6%) died in group T and 4 (6.0%) in group A during 1 year after surgery ( p = 0.88).
Discussion
We analysed the perioperative data of a consecutive patient cohort of 10 months. The consequent treatment with one of the examined antifibrinolytic agents during the first and second halves of the study period offered us the opportunity to create unselected treatment groups of our consecutive patients. Thus the risk of bias related to the patient selection was minimised, contrary to observational studies [11] . The propensity-adjusted multivariable logistic regression used by recent studies has been extensively discussed and considered as only 'hypothesis generating' [12] . Based on the enrolment of unselected consecutive patients in the two treatment groups and the numerous comparable demographic and preoperative data, we assumed that the unmeasured underlying variables of the patients were also similar.
We enrolled a comprehensive number of patients in our study, which exceeded the sample size of the randomised trials (25-180 patients) included in a recent meta-analysis [13] . We found that postoperative blood loss was significantly lower in group A than in group T at 6 h after surgery. Although the difference in bleeding was not significant in the whole examined period, the advantage of aprotinin apparently resulted in a significantly lower rate of rethoracotomies. Rethoracotomy is one of the most common complications of postoperative bleeding after cardiac surgery and bears high risks for adverse outcome and prolonged hospital stay [14] . The increased rate of rethoracotomies in group T may also have contributed to the lesser difference in blood loss from the 12th postoperative hour on.
Consistently, the postoperative transfusion of RBCs was also significantly lower in group A. Furthermore, the number of patients transfused postoperatively was more than double after tranexamic acid treatment than after aprotinin. Our findings are partly in conflict with the results of a meta- Table 2 Transfusion of blood products. analysis of 12 randomised trials [13] . Interestingly, the studies included in the meta-analysis compared the effect of aprotinin to placebo/no treatment group, whereas we compared it to another effective treatment. Risks of transfusion in adults are well known; in critically ill children, independent associations of blood transfusion with prolonged intensive care and mortality have also been proven recently [5] . Among the possible side effects of aprotinin, renal injury has been extensively studied, since aprotinin has a high affinity to the renal tissue. The role of aprotinin in the development of postoperative renal complications is still controversial [3, 15] . Nevertheless, some possible effects of aprotinin on renal function have been both experimentally and clinically described, e.g. decreased kinin synthesis, diminished renal blood flow and glomerular filtration rate, and reversible tubular overload [16, 17] .
Regarding the safety of aprotinin in paediatric population few data have been published. We neither found differences between the groups in the incidences of postoperative renal injury and failure, nor regarding other organ damages and mortality. A recent large, retrospective analysis has come to the same conclusions [7] . They used a similar definition for renal dysfunction as we did, but they reported a lower incidence (6%) of that compared to our cohort. This can be related to the higher age of their patients. Although their study design is similar to this one regarding that there was no selection bias for the use or non-use of aprotinin, the authors remind us of the limitations of an unintentional time-based selection bias. This could only have slightly affected our results due to the much shorter examination period. Another recent, propensity-adjusted study of a 2-year patient cohort found that, despite the higher incidences of renal complications in the aprotinin group, the drug had no independent role in renal impairment [11] . These two studies taken together with the present study complement each other well regarding the methodological strengths and limitations. Thus they generate a considerable amount of proof that aprotinin administration is safe in paediatric cardiac surgery.
We found an increased susceptibility to seizures after tranexamic acid treatment, similarly to the significant finding in adults [4] . An epileptogenic effect has already been described experimentally after topical [18, 19] , and intravenous [18] application of tranexamic acid; and also clinically after accidental intrathecal application [20] . Tranexamic acid diminishes cerebral blood flow [21] most likely by arterial vasoconstriction [22] . Besides, the antagonistic effect of tranexamic acid on GABA receptors has also been identified as a possible mechanism of provoking convulsions [23] . The tendency of increased incidence of postoperative seizure in group T, therefore, can be explained by the combination of these deleterious effects with the microemboli caused by congenital heart surgery [24] . In adults, tranexamic acid administration was related to a significantly higher rate of seizures after valve and high-risk surgery [4] . Nevertheless, cerebroprotective effect has already been attributed to aprotinin [15] . This tendency is alarming since postoperative seizure in early infancy has been related to worse neurodevelopmental outcome [25] .
Limitations
Our study compared data of two chronologically close patient cohorts. Therefore the risk of unrecognised changes in practice is reduced to a minimum, but it cannot be excluded completely. However, due to the study design and the fact that the known parameters were comparable, we assumed that the groups matched well and the unknown variables were also comparable.
Our observational study enrolled a comprehensive number of consecutive patients. The sample size was larger than in most of the randomised trials in this field. However, we cannot exclude that the study did not have enough power to detect all the differences between the treatment groups. Carefully designed, randomised, controlled trials are needed to explore the possible side effects of the different antifibrinolytic treatments in paediatric cardiac surgery and to be able to propose recommendations regarding the best clinical practice.
Conclusions
In a consecutive cohort of 199 paediatric patients weighing less than 20 kg undergoing open-heart surgery, we found that aprotinin treatment was more effective than tranexamic acid regarding the postoperative blood loss and blood transfusion. Consistently, there were also significantly less rethoracotomies in the former treatment group. We found no difference in the incidences of cardiac and renal complications, and in in-hospital and 1-year mortality. There was a tendency for higher seizure rates after tranexamic acid treatment. According to our results, aprotinin treatment bears no additional risks and its efficiency is superior to that of tranexamic acid in this patient population. Tranexamic acid is an applicable alternative for aprotinin, however, with some concerns.
